Accumulating evidence has identified the profibrogenic properties of IL-17A in organ fibrosis. However, the role of IL-17A signal in liver fibrosis induced by Schistosoma japonicum infection remains unclear. In this study, we investigated liver fibrosis in wild-type ( 
Introduction
The IL-17 family is composed of six members, including IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (also named IL-25) and IL-17F. Among them, IL-17A (generally called IL-17) is the founding member, which is predominantly produced by T h 17 cells (1) . These cytokines exert their biological effects through binding to their cognate IL-17 receptors (IL-17R). The IL-17 receptor family consists of five members, IL-17RA-IL-17RE. IL-17A signals through binding to IL-17RA (also referred to as IL-17R) and IL-17RC that are expressed on various cell types. IL-17F is structurally most closely related to IL-17A and also requires the same receptor complex for function (2) (3) (4) .
It is well documented that T h 17 and IL-17 were implicated in a variety of autoimmune diseases, such as multiple sclerosis (MS), rheumatoid arthritis (RA) and inflammatory bowel disease, due to their proinflammatory effects (5, 6) . Additionally, several studies have suggested that T h 17 cells are involved in the pathogenesis of both schistosomiasis mansoni and schistosomiasis japonica (7) (8) (9) (10) (11) (12) . We have recently found that T h 17 and IL-17A directly contribute to acute hepatic granulomatous inflammation in Schistosoma japonicum-infected mice. In vivo treatment with IL-17-neutralizing mAb significantly reduced the inflammation and hepatocyte necrosis (13) .
More recently, apart from its proinflammatory action, experimental models and clinical data have demonstrated that IL-17A contributes to organ fibrosis, such as lung fibrosis (14) (15) (16) , heart fibrosis (17, 18) , skin fibrosis (19, 20) and liver fibrosis (4, (21) (22) (23) (24) . In contrast, Nakashima et al. (25) reported that the IL-17 signaling pathway has an antifibrogenic effect via down-regulation of collagen expression in scleroderma fibroblasts. To date, however, a link between IL-17A and liver fibrosis induced by S. japonicum infection has not been evaluated. It is well known that liver fibrosis is secondary to persistent granulomatous inflammation. We therefore hypothesized that the lack of an IL-17A signal during S. japonicum infection may reduce egg-induced liver fibrosis. In this study, liver fibrosis models in S. japonicum-infected wild-type (WT) and IL-17RA −/− mice were established. We now report that disruption of IL-17 signaling markedly ameliorates hepatic fibrosis, manifested by a reduction in fibrogenic genes and proinflammatory molecules related to fibrosis. These findings suggest IL-17 signaling blockade as a potential treatment strategy for reducing fibrosis in schistosomiasis.
Methods

Animals, parasites, infection, worm and egg burden
Female 6-to 8-week-old C57BL/6 (WT) mice were purchased from the Experimental Animal Center, Chinese Science Academy (Shanghai, China). IL-17RA −/− mice (C57BL/6 background) were from Amgen Inc. (Thousand Oaks, CA, USA) under a research material transfer agreement (MTA). All mice were bred in specific pathogen-free barrier conditions in the Anhui Medical University animal facility. The protocols for all animal experiments were approved by the Institutional Animal Care and Use Committee at Anhui Medical University. Schistosoma japonicum (Chinese mainland strain) infected Oncomelania hupensis snails were provided by Jiangxi Provincial Institute of Parasitic Diseases Control. After anesthetization by intraperitoneal injection of ketamine, age-matched (6-8 weeks) WT and IL-17RA −/− mice were infected percutaneously with 20 ± 2 freshly shed cercaria. Liver fibrosis was assessed at 8 and 15 weeks after infection. For observing the survival rate, another 10 WT and IL-17RA −/− mice, respectively, were infected with 20 ± 2 cercaria. This experiment was performed twice.
To determine the egg burden, weighed liver samples (0.1~0.2 g) from individual mice 8 week post-infection (p.i.) were digested in 4% KOH at 37°C for 2 h. After centrifugation, released eggs were counted under a microscope. The number of eggs in the liver was then calculated based on the total liver weight (26) . The number of adult worm was examined from recovery of portal perfusion from each mouse 8 weeks p.i., as previously described (27) . Values are mean ± SD for each group (n = 6).
Liver histology and immunohistochemistry
Liver samples from 8-week and 15-week S. japonicuminfected mice were fixed in 4% buffered formalin and processed using routine paraffin embedding procedures. Sections (4 μm) were stained with Van Gieson's (VG) staining for collagen deposition and examined for quantitative changes. For quantification of granuloma size, sections were stained with hematoxylin and eosin; only those containing clearly identifiable central ovum were selected. The width and length of the lesion were measured by computer-assisted morphometric analysis software to calculate the granuloma area. For each mouse, at least 10 lesions were measured and the mean values obtained from six mice were used for statistical analysis. For immunostaining, the paraffin sections were heated (700 W, 7 min) in 1% citrate buffer (pH 6.0) for antigen retrieval and blocked with 3% hydrogen peroxide to quench endogenous peroxidase. Then, the sections were incubated with primary antibodies: rat anti-mouse α-smooth muscle actin (α-SMA) (clone 1A4, 1:200, Dako, Carpinteria, CA, USA) and anti-mouse myeloperoxidase (MPO) (rabbit polyclonal antibody, ab9535, 1:50, Abcam, MA, USA) overnight at 4°C in a humidified chamber. Normal rat or rabbit serum instead of the primary antibodies served as controls. After washing, HRPlabeled secondary antibodies (both were 1:500, Zhongshan Golden Bridge, Beijing, China) were used. The reaction was visualized with the diaminobendine substrate system. Five to ten images per mouse liver were analyzed. Positive staining for collagen, α-SMA and MPO was quantified by computerized morphometry (Image-Pro Plus software) and shown as mean ± SEM.
Additionally, immunostaining for IL-17R on acetone-fixed frozen liver sections (5.5 μm) was performed. Primary antibody and secondary antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Briefly, after treatment with 3% H 2 O 2 for 15 min at room temperature to inhibit endogenous peroxidase activity, the sections were blocked with 5% goat serum and then incubated with polyclonal goat anti-IL-17R (sc-1901, 1:400) overnight at 4°C in a humidified chamber. Subsequently, sections were incubated for 60 min at room temperature with donkey anti-goat IgG-HRP (sc-2020; 1:300). Peroxidase staining was used with diaminobenzidine for signal development. Substitution of normal goat serum for primary antibodies served as negative control.
Real-time quantitative RT-PCR
Total RNA from individual liver tissues of 8-week and 15-week schistosoma-infected as well as uninfected mice was extracted using the Trizol Reagent (Invitrogen, Carlsbad, CA, USA). For each sample, 2 μg of total cellular RNA was reverse transcribed into cDNA with random primers and Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase (Invitrogen). Quantitative RT-PCR of 2 μl cDNA from each sample was performed in duplicates by SYBR green reagents (Takara) using an ABIPrism StepOnePlus™ Sequence Detector Systems (Applied Biosystems). The primers used in this experiment are listed in Table 1 . For analysis, β-actin levels were used as a normalization control. Relative expression of the target genes was calculated by using the comparative cycle threshold method as previously described (13) . Values are shown as mean ± SEM from three independent experiments. Melting curve analysis was used to verify the specificity of the PCR products.
Measurement of aspartate transaminase/alanine aminotransferase levels
The sera from individual 8-week schistosoma-infected mice were separated by centrifugation at 6000 rpm for 10 min.
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Levels of aspartate transaminase (AST) and alanine aminotransferase (ALT) were detected using a commercial kit (Rong Sheng, Shanghai, China) according to the manufacturer's instructions.
Flow cytometry and confocal microscopy
PE-Cy5-conjugated rat anti-CD3e (17A2), PE-conjugated rat anti-IL-17A (TC11-18H10), PE-conjugated rat IgG2a isotype control (R3-34), FITC-conjugated rat anti-Ly6G (1A8), FITC-conjugated rat IgG2a isotype control (R35-95) and anti-CD16/CD32 (2.4G2) were purchased from BD Pharmingen (San Diego, CA, USA). FITC-conjugated anti-F4/80 (BM8) and rat IgG2a Isotype Control FITC (eBR2a) were obtained from eBioscience (San Diego, CA, USA).
For analysis of IL-17A-expressing cells, hepatic granuloma cells were prepared from 8-week infected mice as previously described (13) . The cells were stimulated for 4 h with 25 ng/ml phorbol myristate acetate (Sigma) and 1 μg/ ml ionomycin (Sigma) in the presence of 1 μg/ml GolgiPlug (BD Pharmingen). After pre-treatment with anti-CD16/CD32 (2.4G2) Fc blocker for 15 min, the cells were surface stained with antibodies to CD3, CD4, Ly6G or F4/80 for 25 min at 4°C. Subsequently, the cells were washed twice and permeabilized by Cytofix/Cytoperm (BD Biosciences) for 20 min at room temperature. Thereafter, intracellular staining was performed for 30 min at 4°C using anti-IL-17A-PE as well as isotype control. A FACScalibur (Becton Dickinson, Franklin Lakes, NJ, USA) and a confocal laser scanning microscope (Leica, TCS-SP5, Germany) were used for detecting IL-17A-expressing cells.
Statistical analysis
Statistical analysis of survival was performed using the KaplanMeier test. For comparison between two groups, Student's t-test (two-tailed) was used. A P value < 0.05 was considered to be statistically significant. All statistical analyses were performed by GraphPad Prism software 5.0.
Results
Elevated expression of IL-17 family members and cognate receptors in fibrotic livers
We used quantitative RT-PCR to determine the relative abundance of IL-17 family cytokines and their cognate receptor transcripts in early (8 weeks p.i.) and late (week 15) stage fibrotic livers from S. japonicum infected mice. In uninfected livers, low to minimal mRNA of IL-17A, IL-17C, IL-17E, IL-17F, IL-17RA, IL-17RB and IL-17RC were detected. In infected livers, however, there was nearly a 15-fold increase in mRNA for IL-17A, IL-17C, IL-17E and a 5-to 10-fold increase in those for IL-17F, IL-17RA and IL-17RC. IL-17RB mRNA was increased by 1.5-fold compared with normal mice (Fig. 1A) .
To confirm IL-17A expression, hepatic granuloma cells were analyzed by flow cytometry (FCM). Our previous work has shown that T h 17 cells are the major IL-17A-producing cells in the mouse model (13) . IL-17A is also known to be produced by a variety of innate cells including macrophages and neutrophils (28, 29) , both of which are important components of granulomas. However, we could not detect IL-17A + cells in the non-lymphocyte gate by FCM (data not shown). Considering the possibility of small numbers of macrophages and neutrophils or a low ratio of IL-17A + cells, we conducted confocal microscopy analysis of the same sample. Under a 63× oil immersion objective, we did find a small number of F4/80 + cells (a marker for macrophages) and Ly6G + IL-17A  ACCGCAATGAAGACCCTGAT  CAGGATCTCTTGCTGGATGAGA  IL-17C  TCTGCTGAGGAATTATCTCACGG  GTTCCAGCTAGAGGTCCTTCA  IL-17E/IL-25  ACAGGGACTTGAATCGGGTC  TGGTAAAGTGGGACGGAGTTG  IL-17F  TGCTACTGTTGATGTTGGGAC  CAGAAATGCCCTGGTTTTGGT  IL-17RA  CTTGACTCTGCAGCTCAGCC  ATGGCTGCTTCTGCTGCT  IL-17RB  GGCTGCCTAAACCACGTAATG  CCCGTTGAATGAGAATCGTGT  IL-17RC  CCTGCTCCTCAGAGACATCC  ATCTGGTCCTACACGAAGCC  TGF-β  ACAATTCCTGGCGTTACCTT  AGCCCTGTATTCCGTCTCC  IL-13 CCTGGCTCTTGCTTGCCTT
Lack of IL-17 signaling decreases liver fibrosis 319 cells (a marker for neutrophils) that co-localized with IL-17A (Fig. 1C) .
Immunohistochemical staining of liver sections (week 8 p.i.) indicated that IL-17R-expressing cells tended to distribute at the periphery of the granulomas (Fig. 1D) , although we have not defined their precise phenotype. No obvious immunostaining-positive cells were observed in the sections of uninfected livers (data not shown). The increased expression of IL-17A and IL-17R in infected livers indicates that IL-17A signal may play some role in the pathogenesis of egginduced liver fibrosis.
Reduced fibrosis and high survival in S. japonicuminfected IL-17RA −/− mice
To address the role of IL-17A signals in egg-induced liver fibrosis, IL-17RA −/− mice and age-matched WT mice were infected with S. japonicum cercaria. Collagen deposition was detected at 8 weeks after infection by VG staining. IL-17RA −/− mice showed a marked decrease in liver fibrosis by ~30% compared with WT (P < 0.05) ( Fig. 2A , left and middle panels). Morphometric analysis from hematoxylin and eosin-stained sections showed that the average granuloma size in IL-17RA −/− mice reduced markedly compared with that in WT mice (P < 0.01) ( Fig. 2A right panel) . Likewise, the lower level of collagen gene expression in infected IL-17RA −/− mice than WT counterparts was verified by collagen-I RT-PCR (Fig. 3A) . Meanwhile, IL-17RA −/− mice displayed improved liver function at 8 weeks after infection, as evaluated by a decrease of serum ALT and AST activities (P < 0.05) (Fig. 2B) . Furthermore, the survival of WT and IL-17RA −/− mice was monitored weekly after infection. As shown in Fig. 2(C) , from week 11 p.i., the survival was significantly higher in IL-17RA −/− mice than that in WT mice (30 versus 10%; P < 0.05). Altogether, these data demonstrate that IL-17A signal deficiency protects mice from egg-induced liver fibrosis and damage.
To investigate whether the above differences were due to dissimilar parasite and egg burdens, we measured the total amount of worms recovered and egg burdens in the individual livers. No relevant differences could be obtained between the two groups. Table 2 summarizes the data.
Expression of fibrogenic genes is down-regulated in S. japonicum-infected IL-17RA
−/− mice Activation of hepatic stellate cells (HSCs) into fibroblast is the key event in the process of liver fibrosis. Expression of α-SMA is commonly used as a hallmark of the activated HSC (30) (31) (32) . Immunohistochemical staining for α-SMA indicated that α-SMA + cells were significantly reduced in infected IL-17RA −/− mice (Fig. 3B) , which is consistent with the degree of fibrosis. Activated HSCs also up-regulate some pro-fibrogenic genes such as transforming growth factor β (TGF-β) and genes involved in collagen production (33) . As expected, mRNA levels of TGF-β, IL-13 and collagen-I were decreased in IL-17RA −/− mice at both 8 weeks and 15 weeks p.i. compared to WT mice (Fig. 3A) . These data suggest that IL-17A facilitates HSC activation and fibrogenic gene expression and thus contributes to the development of liver fibrosis.
Changes in levels of proinflammatory cytokines/ chemokines and proteinases involved in fibrosis in S. japonicum-infected IL-17RA −/− mice
A variety of cytokines and chemokines are involved in liver fibrosis (34, 35) . We therefore set out to determine the role of certain inflammatory cytokines IL-1β, IL-6 and tumor necrosis factor α (TNF-α). As shown in Fig. 4(A) , compared with those in WT mice, mRNA transcript levels of these cytokines in IL-17RA −/− mice were greatly reduced. In addition, IL-17RA deficiency significantly inhibited the expression of neutrophil-recruiting chemokines CXCL1 (KC/Groα) (P < 0.001, 8 weeks; P < 0.01, 15 weeks) and CXCL2 (MIP2α/Groβ) (P < 0.05, 8 weeks). The accumulation of neutrophils was also obviously reduced in IL-17RA-deficient mice as assessed by FCM (Supplementary Figure 1 is available at International Immunology Online). Consistently, MPO (which is expressed in activated neutrophils) positive cells, as well as MPO mRNA (P < 0.01, 8 weeks; P < 0.001, 15 weeks), were significantly reduced in fibrotic livers of IL-17RA −/− mice (Fig. 4B) . However, CCL2/monocyte chemotactic protein-1 (MCP-1), which is known to cause chemotaxis of HSCs (36) , showed no statistically significant difference (P = 0.242, 8 weeks; P = 0.232, 15 weeks) between the WT and IL-17RA −/− mice. IL-17A is known to stimulate the expression of matrix metalloproteinases (MMPs) (37) . We measured the mRNAs of MMP3 and its inhibitor, tissue inhibitor of metalloproteinase-1 (TIMP1), which is known to regulate the homeostasis of extracellular matrix (ECM) in the liver. As shown in Fig. 4(A) , MMP3 and TIMP1 levels are higher in WT mice than those in IL-17RA −/− mice at 8 weeks and 15 weeks p.i. These results are consistent with the amount of collagen as assessed by VG staining. 
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T h 1 and T h 2 immunity in the absence of IL-17A signal was also analyzed. The T h 1-cytokine IFN-γ increased (P < 0.05, 15 weeks), while T h 2 cytokines IL-4 and IL-25 (IL-17E) decreased markedly in IL-17RA −/− mice (P < 0.01, 8 weeks; P < 0.05, 15 weeks) (Fig. 4A) . These data indicated that IL-17RA −/− deficiency altered T h 1 and T h 2 response in S. japonicum-infected mice.
Discussion
It is well documented that CD4 + Th cells tightly regulate the development of egg-induced liver fibrosis. Previous studies using cytokine-deficient mice indicated opposing effects of T h 1 and T h 2 response in fibrosis. The T h 2 response, characterized by a high production of IL-4 and IL-13, contributes to fibrogenesis. In contrast, the T h 1 response, by producing IFN-γ, inhibits liver fibrosis (38) (39) (40) . A unique subset of Th cells, T h 17, has recently been defined and is of crucial importance for the pathogenesis of a variety of inflammatory and autoimmune diseases. However, accumulating evidence has also demonstrated the profibrogenic effects of T h 17 in different experimental models of hepatic, pulmonary or myocardial fibrosis (29) .
In the present study, we used IL-17RA −/− mice to demonstrate that IL-17A is essential for promoting liver fibrosis in murine schistosomiasis. First, hepatic mRNA levels of IL-17A, IL-17F and its cognate receptors IL-17RA and IL-17RC were strongly induced in fibrotic livers. Second, IL-17A + and IL-17R + cells were also detected in the fibrotic liver tissue. Moreover, IL-17RA −/− mice displayed attenuated liver fibrosis compared with WT mice, as demonstrated by a reduction in VG staining and lower levels of collagen-I and α-SMA transcription.
In order to identify the phenotype of IL-17A-producing cells in granuloma cells, we conducted FACS and confocal microscopy. In this study, CD3 + T cells represented ~60% of IL-17A-producing cells in the lymphocyte gate. Among CD3 + T cells, CD3 + CD4 + T were the major producers of IL-17A. In CD3 − populations, our previous work showed that there was no IL-17A production in NK1.1 + and CD19 + cells (13) . Recently, macrophages and neutrophils were reported to produce IL-17A (28, 29, 41) . Consistent with this literature, we detected a small number of macrophages and neutrophils that co-localized with IL-17A staining by confocal microscopy. . The data were normalized to β-actin and expressed as the increased levels compared with those in uninfected mice (n = 6 for each group). (B) Liver tissues were stained with anti-α-SMA antibody and quantified. Representative photomicrographs were from 8-week S. japonicum-infected mice. *P < 0.05, **P < 0.01. Data were expressed as mean ± SEM (n = 6 for each group). Scale bars: 100 µm. These data suggested that T h 17 cells are the major source of L-17A in our mouse model. We also found that the ameliorated liver fibrosis in IL-17RA −/− mice was accompanied by decreased expressions of inflammatory cytokines (IL-6, IL-1β and TNF-α), chemokines (CXCL1 and CXCL2) and fibrosis-related genes (Col1α1, α-SMA and TGF-β1), as well as a reduced number of α-SMA + myofibroblasts. There is significant literature showing that IL-17A signaling can induce the expression of these cytokines and chemokines (1, 3) . In addition, IL-17R is widely expressed (2) and hence most cells can respond to IL-17A including HSC (22, 23) . Granulomatous Inflammation in general is known to be a driver of fibrosis in schistosomiasis (42, 43) . It has previously been reported that blocking IL-17A significantly reduces inflammation in the mouse model of both schistosomiasis japonica and schistosomiasis mansoni (13, 44) . Therefore, the dampened fibrosis could be the result of both blunt inflammatory response and HSC activation (45) .
At present, the exact mechanisms by which IL-17A promotes liver fibrogenesis are not fully elucidated. Consistent with our data, Meng et al. reported strong profibrogenic properties of IL-17A in bile duct ligation-and CCl 4 -induced liver fibrosis. Its effect relies on directly activating HSCs into myofibroblasts and indirectly acting on Kupffer cells to release inflammatory cytokines, which in turn exert actions on HSCs (23) . In contrast, another study indicated that IL-13 is the key driver of Schistosoma mansoni egg-induced pulmonary fibrosis (14) . Further investigation is necessary to elucidate the difference.
Studies by Meng et al. (23) suggested that deletion of IL-17RA resulting in improved liver fibrosis was also associated with overproduction of IL-22 mRNA, which acts as an antifibrotic cytokine. Our studies, however, failed to detect a significant difference for IL-22 between IL-17RA −/− and WT mice in egg-induced liver fibrosis (data not shown). This difference in results may arise from different etiologies of liver fibrosis, which in turn result in different inflammatory responses (46) .
TGF-β1 and IL-1β signaling are reported to be involved in bleomycin-induced pulmonary fibrosis and are dependent . The data are expressed as mean ± SEM (n = 6 for each group). **P < 0.01, ***P < 0.001.
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on IL-17A (14) . These findings suggest that IL-17A serves as a key downstream mediator of TGF-β1 and IL-1β signaling in fibrosis. However, we find that reduced liver fibrosis in S. japonicum-infected IL-17RA −/− mice is correlated with decreased TGF-β1 and IL-1β expression ( Figs 3A and 4A ), indicating that IL-17A promotes the production of these two cytokines. Therefore, we speculate that IL-17A and TGF-β1, IL-17A and IL-1β cross-regulate each other and play cooperative roles during fibrosis.
MMPs and TIMPs regulate the homeostasis of ECM in the liver. Synthesis of MMPs can be upregulated by cytokines such as TGF-β, IL-1β and TNF-α (37) . TIMPs are also upregulated by these cytokines, leading to inhibition of MMP activity. From our data, TGF-β, IL-1β and TNF-α, as well as MMP3 and TIMP1 were decreased in S. japonicum-infected IL-17RA −/− mice at both 8 weeks and 15weeks p.i. Based on these observations, it is reasonable to envision that IL-17A regulates the expression of MMP3 and TIMP1 indirectly via the effects of TGF-β, IL-1β and TNF-α. While Wu et al. (47) reported that IL-17A stimulates MMP and TIMP-1 production directly in human periodontal ligament cells in vitro, elucidation of the underlying mechanism will require further study.
In addition, T h 1 and T h 2 responses were altered in the absence of IL-17A signaling in S. japonicum-infected mice. In this mouse model, IFN-γ was increased, while IL-4 and IL-25 were reduced, a finding that partly explains the alleviated fibrosis observed in IL-17RA-deficient mice (48) . Our observation of changes in T h 1 and T h 2 responses are also consistent with previous studies using IL-17A −/− mice（C57BL/6 background), which showed a marked increase in IFN-γ production by granuloma cells during S. mansoni infection (49) .
IL-17A induces the production of multiple chemokines, such as CXCL1 (KC/Groα), CXCL2 (MIP2α/Groβ) and CCL2 (MCP-1) (46) . Among these, CXCL1 and CXCL2 serve to recruit neutrophils to inflammatory sites. Current clinical and animal studies indicate that neutrophils play an important role in the development of liver fibrosis (50) . We found that expression of CXCL1 and CXCL2 in IL-17RA −/− mice is reduced compared with that of WT. The marked decrease in MPO expression and neutrophil infiltration in livers of IL-17RA −/− mice was associated with lower CXCL1 and CXCL2. These results in our animal model strongly support a causal relationship between IL-17A signaling in neutrophil recruitment and liver fibrosis.
Taken together, our studies identify IL-17A as a critical mediator of liver fibrosis in S. japonicum-infected mice, illustrating the potential utility of targeting IL-17A or IL-17R in the treatment of egg-induced fibrosis.
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